Background: Scientists have amassed a wealth of microbiome datasets making it possible to study microbes in living systems on a population-or planetary-scale; however, this potential hasn't been fully realized given that the tools, data sets, and computation are available in diverse repositories and locations. To address this challenge, we developed iMicrobe.us, a community-driven microbiome data marketplace and tool exchange for users to integrate their own data and tools with those from the broader community. Findings: The iMicrobe platform brings together analysis tools and microbiome data sets by leveraging National Science Foundationsupported cyberinfrastructure and computing resources from CyVerse, Agave, and XSEDE. The primary purpose of iMicrobe is to provide users with a freely available, web-based platform to (1) maintain and share project data, metadata, and analysis products, (2) search for related public datasets, and (3) use and publish bioinformatics tools that run on highly-scalable computing resources. Analysis tools are implemented in containers that encapsulate complex software dependencies and run on freely available XSEDE resources via the Agave API which can retrieve datasets from the CyVerse Data Store or any web-accessible location (e.g., FTP, HTTP). Conclusions: iMicrobe promotes data integration, sharing, and community-driven tool development by making open source data and tools accessible to the research community in a webbased platform. 
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Introduction 32 iMicrobe is a platform that connects researchers' own data to published, curated, microbial 33 metagenomic datasets and high-performance computing methods for their analysis [1] . In the last 34 decade, the cost of sequencing has decreased at a rate far outpacing Moore's law, leading to a 35 rapid increase in the number and size biological datasets [2] . Researchers now have access to an 36 3 unprecedented scale and variety of data ranging from large-scale 'omics data to streaming data 37 from sensors. Biologists increasingly need the power and storage of high-performance 38 computing (HPC) clusters to perform analyses; however, most biologists have limited or no 39 access to these resources and often have to run analyses on their own personal computers. 40 To address the growing need for HPC in computational biology, the National Science 41 Foundation (NSF) has funded shared cyberinfrastructure resources like XSEDE [3] and 42 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 offers reliable, secure storage for datasets of any size that are actively being used for both 80 research and/or education purposes. Data and metadata in the Data Store are stored in a high-81 performance storage resource that has built-in redundancy and is continuously monitored for 82 security and failure. The Data Store is synchronously backed up at both the University of 83 Arizona in Tucson, Arizona, and at the Texas Advanced Computing Center in Austin, Texas. All 84 users initially get 100GB of storage but can request additional allocations through CyVerse [17] . 85
Figure 1: iMicrobe's architecture allows for the integration of datasets hosted by iMicrobe
Private user data is stored in a user's home folder ("/iplant/home/$user," where $user is a 86
CyVerse username), and will be accessible through a view in iMicrobe where files can be 87 uploaded, deleted, shared, or modified. Users can share data that they own with other registered 88
CyVerse users. Project leaders can request larger allocations for collaborative projects. Project 89 leaders can also request a Community Data Folder that will be made public [18] . Community 90
Data folders are housed in the "iplant/homes/shared" directory and are visible via iMicrobe 91 under "Community Data". Data policies associated with iMicrobe are in sync with CyVerse 92 policies. 93 derived files, and analyses are tracked in CyVerse by keeping all files in the analysis directory 95 along with data products and a log file to maintain information about the job and parameters that 96 were run. CyVerse also maintains a job history to allow researchers to track and reproduce 97 experiments. In iMicrobe, data provenance is imperative given that data are derived from diverse 98 data stores that have varied levels of curation and versioning. 99 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 General Search
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The upper-right corner of every page on iMicrobe has a search box that will perform a simple 101 query over text in our databases related to projects, investigators, samples, taxonomy, and 102 proteins. For instance, a search for "obese" finds 28 hits including a publication, two projects, 103 and the 25 samples from those two projects. 104
Metadata search 105 The samples in iMicrobe can be searched by their metadata or "data about the data". Samples are 106 described in detail by over 200 attributes such as type (artificial metagenome, isolate, 107 metagenome, metatranscriptome, transcriptome), biome (sewage, soil, deep chlorophyll max, 108 acid mine drainage), depth, dissolved oxygen, latitude/longitude, salinity, host organism, 109 chlorophyll, and more. The values for these can be numeric or character values such as a 110 measurement of depth in meters or "Synechococcus" for the host organism. In total, there are 111 over 140K descriptors for our samples, and users can specify an unlimited number of terms using 112 the sample metadata search tool [19] . 113 
numbers. 118
Each time a user selects a new attribute such as "phosphate," the interface determines if the 119 attribute is a character or numeric data. For character data, the user is presented with a multi-120 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 pipelines that take some input files and program parameters (Fig. 4) Making data reusable via the dynamic metadata search in iMicrobe. An acute need in the 176 microbiome community is to discover and integrate data in disparate data repositories to 177 facilitate analyses. Specifically, primary and associated contextual metadata, as well as other 178 data products (and their provenance), exist in diverse microbiome data repositories. To make 179 data more discoverable, iMicrobe provides a dynamic search to find data sets based on structured 180 and curated metadata. Data can be added to a shopping cart and analyzed using a variety of tools. 181 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 Making tools reusable by creating containers. As for computing resources, users can find 182 iMicrobe apps on the iMicrobe website [22] . Most iMicrobe apps use Singularity containers 183 which can be accessed directly from the Stampede2 file system under a shared iMicrobe 184 directory. The recipes to build iMicrobe's Singularity containers are stored in GitHub 185
repositories (see Table 1 can analyze CAMERA data alongside their own personal data sets and also any other data set 200 which the Agave API can retrieve from a public web address. 201 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 interface to launch a container by using a JSON (JavaScript Object Notation) description of the 214 app that encodes its inputs and parameters. The JSON also specifies hardware requirementsStampede2. iMicrobe streamlines community-driven tool development and accessibility to a 217 variety of tools in a simple web-based platform. 218
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Figure 5: The iMicrobe user interface is comprised of a back-end written in Node/JS that talks 303 to MySQL and MongoDB databases to deliver JSON to a front-end written in Elm which also
iMicrobe/Ohana BLAST, Centrifuge, UProc) and app containers. 327 Docker/Singularity Much work has been done in various scientific communities to package and distribute tools using 338 Docker using Biocontainers [45] . Stampede2 has a directory 339 (/work/projects/singularity/TACC/biocontainers) containing over 7,000 such containers which 340 can be leveraged by researchers if they have the resources to run these. For instance, iMicrobe 341 has incorporated the Trim Galore Biocontainer (for quality checking of reads) [46] . A push by 342 other community developers to help create more Docker/Singularity containers and describe 343 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 them to Agave could greatly increase the number of tools available via Agave and platforms like 344 iMicrobe. 345 The Appetizer
346
If an app is written such that it has a Singularity container and can be run in a batch mode (that 347 is, given arguments and run to completion unattended by a user), it can be made to run on the 348 into Agave, and deploy it to Stampede2. Once an app is made publicly available, it is a simple 353 matter of adding it to the iMicrobe "app" table to make it available via the app listing. The user 354 interface to launch an app is dynamically generated at runtime from the same JSON that was 355 used to integrate the app and so requires no additional work on the part of iMicrobe developers 356 to make it available to users. 357 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 Conclusions   365 Understanding complex biological systems require integration of biological (particularly 366 microbial) processes with characteristics associated with the environment. These complex 367 systems can only be understood in context with other datasets and sampling time points; 368 however, compiling data on microbial diversity and function in a consistent manner where the 369 data can be interlinked, accessible in a single platform, and analyzed using high-performance 370 computer architectures remains challenging despite major innovations in the semantic web and 371 cloud-based computer architectures. The iMicrobe architecture we describe here moves away 372 from a standard data repository approach to a model where data are housed in diverse data 373 repositories and integrated as needed. We use the CyVerse Agave API to retrieve and compute 374 on diverse microbiome datasets that are potentially massive, requiring more disk space and 375 computing power than the average microbial ecologist would have. Further, iMicrobe offers 376 developers a framework for deploying tools to compute on these data using XSEDE HPC 377 resources at Stampede2. By crowdsourcing app development, we enable the community to 378 integrate novel tools that are timely and relevant to their research. We also encourage the 379 development of dynamic documentation at protocols.io. The iMicrobe platform allows users to 380 manage their data through the complete data lifecycle. Provenance tracking of both primary data, 381 derived files, and analyses are tracked in CyVerse by keeping all files in the analysis directory, 382 along with data products and a log file to maintain information about the job and parameters that 383 were run. By combining all these features, we believe iMicrobe presents a capable platform for 384 large-scale data searching and analysis for the microbiome science community. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 
Annotation of HPV genomes [66]
Read2RefMapper-1.1.0u2
Filtering coverage of BAM files to a reference dataset [67] sra-fastq-dump-0.0.1u1
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